Unusual SiC polytypic features have been studied by X-ray diffraction and chemical etching to increase understanding of their growth mechanism. The feasibility of periodic slip as a possible mode of growth of SiC polytypes has been examined. It is proposed that island formation on the helicoidal growth surface is responsible for most of the unusual SiC polytypes not explicable purely in terms of a screwdislocation mechanism.
Introduction
Silicon carbide is known to crystallize in several crystallographic modifications, all having the same a parameters (3.078 ~) but different c parameters. The unit cell consists of identical layers of silicon and carbon atoms each stacked along the c axis at constant intervals of 2.518 A. The periodic repetition of stacking faults perpendicular to the c axis in the close-packed layers of atoms is responsible for the formation of different structures, known as polytypes.
Polytypes having the same primitive periodicity along c, but different structures, constitute one polytypic family (Edward & Lipson, 1942; Wilson, 1942; Mardix, Alexander, Brafman & Steinberger, 1967) . In particular, when a substance crystallizes into hexagonal as well as rhombohedral structures, the hexagonal polytypes of periodicity m and rhombohedral polytypes of periodicity 3m are said to constitute one polytypic family. Structures belonging to polytypic families are more common in ZnS and CdI2 than in SiC. A ZnS crystal often consists of a few syntactic polytypes belonging to one polytypic family . In contrast to this, a SiC crystal usually consists of syntactic polytypes belonging to different families. This characteristic difference between SiC and ZnS crystals arises because their modes of growth differ. A satisfactory explanation for the growth of ZnS polytypes forming polytypic families has been given by Mardix et al. (1967) . The present paper deals particularly with the growth mechanism of unusual SiC polytypes.
Experimental results
Crystals were etched successively under controlled conditions with KNO3+2NaOH (by weight) at about 600°C. Thus a thin layer of the crystal was dissolved at each stage. The resulting crystal surface was examined with an optical microscope. Single-crystal-oscillation and Laue photographs of the crystal surface region were taken after each etching run. The following conclusions can be drawn from these preliminary studies:
(a) In some cases a particular polytypic structure grows up to a certain thickness and thereafter, in a limited region of the growth front, a new polytype starts growing along with the original structure. Such a polytype is generally based on the original structure. A number of such cases were observed. For example 33R, 147R, 196H (or 588R) and 355H (or 1065R) were found in a single-crystal piece (Ram, Dubey & Singh, 1973a) . The intensity distribution of 10.l reflexions revealed that the structure of 147R is based on 33R and those of 196H (or 588R) and 355H (or 1065R) are based on 147R. This illustration is typical of a number of such cases studied.
(b) When crystals having no spiral markings on their growth faces were etched, spiral steps emerged in some of them after a thin layer had been removed (Ram, Dubey & Singh, 1973b) .
(c) In a number of cases, polytypic structures were also based on polytypes, such as 21R, 33R, 147R, etc.
having c parameters much larger than those of the common basic phases 6H, 15R and 4H.
Growth mechanism

Screw dislocation
Various theories have been put forward for explaining the growth phenomena of polytypic crystals (Zhdanov & Minervina, 1945 , 1946 Lundqvist, 1948; Ramsdell & Kohn, 1952; Frank, 1951; Jagodzinski, 1954; Shaffer, 1969) . The screw-dislocation mechanism (Frank, 1951; Mitchell, 1957; Krishna & Verma, 1965; Verma & Krishna, 1966; etc.) satisfactorily explains the growth of most polytypes, particularly in the case of SiC. However, certain experimental facts are not necessarily explicable purely in terms of a screw-dislocation mechanism.
Spiral markings are not observed on the growth faces of all the SiC crystals. This might occur, however, because interactions of screw dislocations or deposition of oxide layers may mar the spiral features.
The frequent occurrence of continuous streaks along [hOd] reciprocal-lattice rows in single-crystal X-ray diffraction patterns of SiC indicates the presence of one-dimensional disorder. In contrast to this, perfectly ordered structures are expected to grow by a screw-dislocation mechanism. However, the occurrence of continuous streaks may equally well be due to very high periodicities and as such they should not necessarily be considered contrary to the predictions of the screwdislocation theory of polytypism (Ram et al., 1973a) .
A polytypic structure created from a parent structure by the screw-dislocation mechanism should be based on that of the parent structure. Therefore a structure found in syntactic coalescence with another is expected to have a related structure. This type of behaviour is indeed found in many crystals and is also supported by the present studies of 33R, 147R, 196H (or 588R) syntactically coalesced in one crystal and of 21R, 189R, 259H (or 777R) and a very large period polytype in another (Ram et al., 1973a; . However, not all syntactic polytypes (Hofer, 1970; Inomata, Mitomo, lnoue & Tanaka, 1968 , 1969 seem to have grown purely by a screw-dislocation mechanism, because some of the structures are not parent-related.
According to the screw-dislocation mechanism, only screw dislocations having Burgers vectors equal to a non-integral multiple of the c parameter of the initial structure can give rise to polytypes of different periodieities along c. However, there are SiC polytypes of higher periodicities with c parameters exactly equal to an integral multiple of the c parameter of their basic structure. Some cases are:
(a) 90R based on 15R .. (Krishna & Verma, 1963) (b) 189R based on 21R .. (c) 36Ha, 36Hb, 54Hand.. (Krishna & Verma, 1964;  66H all based on 6H.. Singh, 1967) .
The formation of these polytypes from their respective basic structures is not explicable purely in terms of a screw-dislocation mechanism. Some unusual structures of SiC expressed in the Zhdanov notation are as follows:
Usually only 2, 3 and 4 are found in the Zhdanov notation of SiC structures, and stacking faults occur at the end of the primitive sequence. The existence of a higher number, such as 6, or stacking faults occurring in the middle of the structure sequences is not accounted for purely in terms of a screw-dislocation mechanism acting upon one of the simple basic SiC structures.
Periodic slip
It is worth noting that the difficulties in understanding the growth process of SiC polytypes, as mentioned above, concern only a few cases. In general, SiC polytypes grow by a screw-dislocation mechanism. However, in order to explain the growth mechanism of these isolated cases, certain modifications in the screw-dislocation mechanism are required. Mardix et al. (1967) and Mardix & Kiflawi (1970) have proposed a mechanism called periodic slip for the growth of ZnS polytypes forming polytypic families. Because of many similarities between ZnS and SiC, the question first considered was whether periodic slip is a feasible mode of growth for SiC polytypes as well. A screw dislocation with a Burgers vector n layers high causes every atomic plane in a helicoidal surface to repeat itself after each n layers. Then a stacking fault bounded by a Shockley partial created on any atomic plane will expand, provided the free energy per unit area of the stacking fault is larger than the minimum force per unit length necessary to cause glide of the Shockley partial. In addition, thermal fluctuations or mechanical stresses may also contribute to the expansion of the fault. Thus a set of stacking faults created in any polytypic structure is repeated regularly owing to the screw dislocation and gives rise to a new polytype. Alexander, Kalman, Mardix & Steinberger (1970) have shown that this periodic-slip mechanism operates in vapour-grown ZnS crystals because the stacking-fault energy is negative over a wide temperature range below the transition temperature (1020 ~C).
If such a mechanism is operative in the growth of SiC polytypes as well, a SiC polytype grown by a screw-dislocation mechanism may undergo a phase transformation to give rise to another structure. Though ZnS and SiC are isostructural crystals, the former is known to undergo phase transformations readily, but the same is not true for SiC. Phase transformation studies in SiC are comparatively recent (Krishna & Marshall, 1971 : Powell & Will, 1972 etc.) and are being conducted currently by a number of workers. However, it is known that effecting a phase transformation in SiC is considerably more difficult than in ZnS. With respect to the feasibility of periodic slip, the following conclusions regarding growth and phase transformation studies on SiC are pertinent:
(a) The cubic phase (3C) seems to be stable up to 1600°C (Krishna & Marshall, 1971 ) but at high supersaturations the 3C structure is found to grow at any temperature. However, when it grows at a temperature higher than 1600°C, it undergoes a phase transformation to s-SiC (Baumann, 1952) .
(b) High-period polytypes grow only at temperatures higher than 1600 °C and therefore may be intermediate stages of the 3C ~ basic phase transformation.
(c) Phase transformation in SiC has been found to be time and temperature dependent and is greatly enhanced by dislocations (Powell & Will, 1972) . Phase transformations in SiC usually occur at high temperatures (>2000°C) (Krishna & Marshall, 1971; Bootsma, Knippenberg & Verspui, 1971) .
Normally it is difficult to induce a phase change in SiC, but factors such as dislocation density can augment the phase transformation process. Therefore under certain restricted conditions of dislocation density, time at a given temperature, etc., it is likely that stacking faults may be created. These would expand and be repeated periodically as a result of a screw dislocation, as envisaged in periodic slip. Since such restricted conditions would be satisfied rarely, periodic slip is likely to operate in SiC only in a few isolated cases. However, there are only a few cases whose growth is not explained purely in terms of the screw-dislocation theory, and such crystals might well have grown by a periodic-slip process. In order to determine whether a stacking fault nucleated in SiC would expand or not, it is essential to know the stacking-fault energy in the desired temperature range. However, because of experimental difficulties, such values are not known at temperatures greater than 2000°C (Van Landuyt & Amelinckx, 1971 Stevens, 1972) . Therefore periodic slip, as a possible mode of growth of SiC, remains speculative until the stacking-fault energy is determined in this temperature range. In addition, although periodic slip can explain the formation of structures belonging to one family in a crystal piece, it fails to account for the presence of structures of different families in the same crystal piece, a common feature of SiC. Thus some alternative mechanism, other than periodic slip or screw dislocations, is required to explain the growth of such SiC polytypes.
Island formation
When a crystal grows as a result of the winding up of the exposed ledge created by a screw dislocation, the growth front is in the form of a very flat helicoidal surface. Under favourable circumstances arising from fluctuations in local supersaturation, an island having a thickness of one or a few atomic layers may nucleate on the flat growth surface in the same manner as initial platelets nucleate. An island nl layers high nucleated on a helicoidal surface, having a screw dislocation step n layers high is shown in Fig. l(a) . This island, can ex- pand and follow the winding ledge. When a step nl layers high, created by island formation, follows a screw-dislocation step of n layers height, the effective height of the ledge becomes n+nl layers. This composite ledge advances farther and nl layers from the bottom of the initial ledge are blocked by the island layers already present on the growth surface. In this way, before the composite ledge of n+nl layers can complete one round, the growth surface is left with an exposed ledge again consisting of n layers but with a different stacking sequence, as is shown in Fig. l(b) . The structure of the exposed ledge now consists of a stacking sequence corresponding to the remaining upper layers of the initial ledge, together with that of the layers of the island. When the stacking sequence of the island is spatially different from that of the base upon which it grows, the winding up of this ledge gives rise to a new structure. Thus two or more polytypic structures of the same periodicity can be formed in the same crystal piece, as has actually been found in the case of 36Ha and 36Hb.
Under the ordinary supersaturations in which crystals usually grow, the probability of island nucleation is very small (Burton, Cabrera & Frank, 1951) . Therefore crystals grown by the aforesaid mechanism are expected to occur rarely. As mentioned earlier, such SiC cases not satisfactorily understood in terms of a purely screw-dislocation mechanism are indeed rare compared to the large number of polytypes investigated. Islands that are essentially incomplete layers bounded by closed steps have been observed in mica (Baronnet, 1972) and in other polytypic substances as well (Voorhoeve & Carides, 1972) .
The formation of a polytype whose c parameter is exactly equal to some integral multiple of the c parameter of a basic structure is now easy to understand. Consider, for example, the 54H structure based on 6H and with a c parameter exactly nine times that of 6H. If a single screw dislocation with a Burgers vector equal to 54 layers, or more than one cooperating screw dislocation giving an exposed ledge of the same height, is created in an initial platelet of 6H, the resulting structure will be the same as 6H. However, if a spatially different island of even a single layer, or of a few layers height, nucleates on the growth surface and the step thus created moves forward along with the initial ledge, the resulting ledge after one round remains 54 layers high, but it no longer consists of only the 6H stacking sequence. Instead, the ledge now consists of a number of 6H units bounded by stacking faults introduced because of the stacking sequence of the island. Thus the primitive periodicity of the resulting structure is now 54 layers high. The structure of a 54H polytype has been found to be (33)6323334 (Singh, 1967) . This structure may have grown by formation of appropriate island on a 6H base. Similarly, the formation of other polytypes falling in this category, as well as polytypes of the same periodicity but based on different parent structures, may be understood.
The growth of diverse syntactic polytypes whose structures are not based on each other can also be explained in terms of island formation together with a screw-dislocation mechanism. For example, consider the formation of 4H and 6H structures in syntactic coalescence. If a screw dislocation with a Burgers vector 12 layers high is created in an initial 4H platelet, the structure of the exposed ledge may be ABCBABCBABCB and growth of the 4H structure is continued. The thermodynamic stabilities of different SiC polytypes are not precisely defined; at some stage of growth the local situation may favour formation of the 6H structure. At this stage an island of, say, ten layers having the 6Hstacking sequence A CA BCBA CA B may nucleate on the helicoidal growth surface. These ten layers, along with two layers from the top of the initially exposed ledge, constitute two units of 6H. Upon expansion of the island, a composite ledge of 22 layers is formed with the following structure: The lower ten layers of the composite ledge are stopped from further advance, giving rise to a newly exposed ledge consisting of two 6H structure units. The formation of other syntactic structures can arise similarly. Stacking faults in the middle of the structure sequence of a polytype can arise in the transition region between the initial screw-dislocation step and the island step. Such faults can also account for larger numbers, such as 6 (Zhadanov notation) found in the structure sequence of some rare polytypes.
Summary
The screw-dislocation mechanism of polytype formation accounts satisfactorily for most of the structural features of SiC polytypes. However, certain experimental observations are not thereby explained. Periodic slip, which plays an important role in the growth of ZnS polytypes, does not seem to be an appropriate mode of growth for SiC polytypes. It is proposed that the nucleation of islands on the helicoidal growth surface created as the result of a screw dislocation, is responsible for the growth of those unusual polytypes not explicable purely in terms of a screw-dislocation mechanism. According to this proposition, most of the unusual features of SiC polytypes are explained satisfactorily.
